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ABSTRACT 

This is the Third Quarterly Progress Report for Engineered 
Magnetics' Applied Research and Feasibility Studies, Ex- 
perimental Investigations, And Conceptual Or Preliminary 
Design Engineering Applicable To Inverters For Motors. This 
report describes the accomplishments achieved during the 
period from December 26, 1967 to March 25, 1968. This report 
presents information pertaining to Inverter/motor system tests. 
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PREFACE 

The National  Aeronautics and Space Administration Cont rac t  
Number NAS8-20832, Applied Research and F e a s i b i l i t y  S tudies ,  
Experimental Inves t iga t ions  and Conceptual or Prel iminary 
Design Engineering Applicable To I n v e r t e r s  For Motors 
Program, w a s  awarded t o  t h e  Engineered Magnetics Divis ion 
of Gulton I n d u s t r i e s ,  Inc. ,  on June 22 ,  1967, 

T h i s  is t h e  Third Q u a r t e r l y  Progress  Report pe r t a in ing  t o  
t h e  Engineered Magnetics Applied Research and F e a s i b i l i t y  
s t u d i e s  of I n v e r t e r s  f o r  Motors Program, present ing  t h e  
progress  of t h e  program from D e c e m b e r  26, 1967 t o  March 25, 
1968. This r e p o r t  con ta ins  a review of t h e  t e c h n i c a l  in- 
formation which has  guided t h e  dec i s ions  and accomplish- 
ments fo r  t h i s  per iod,  
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I. INTRODUCTION 

Thie is the Third Quarterly Progress Report for 
Engineered MagnetiCo' Applied Research And Fea- 
sibility Studies, Experimental Investigation., 
And Conceptual Or Preliminary Design Engineering 
Applicable To Invertera For Motors. 

During this report period, two new motors were received 
and a 6 phase ring-counter inverter waa fabricated. 
Several tests w e r e  c o n d u c t e d  u s i n g  v a r i o u s  motor 

input configurationo to obtain comparison curves of 
motor torque vs speed. The results of these teats 
are preoented in this report. 
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11. WORK ACCOMPLISHED: THIS REPORT PERIOD. 

1. TEST MOTORS. 

The t w o  motors mentioned i n  previous r e p o r t s  as being 
ordered for t h i s  p r o j e c t ,  a r r i v e d  a t  Engineered Magnetics. 
The manufacturers '  ope ra t ing  curves f o r  t h e  motors are 
presented on Figures  1 and 2 .  

except for d i f f e r e n c e s  i n  s t a t o r  material. The s ta tor  
of Motor No .  1 ( 8 5 8 0 - C 9 3 4 5 )  con ta ins  type M 1 9  s i l i c o n  
steel, and t h e  stator of Motor No.  2 ( 8 5 8 0 - C 9 3 4 6 )  con ta ins  
type Allegheny Ludlum 4 7 5 0  s t a i n l e s s  steel .  

The t w o  motors are i d e n t i c a l  

The motor opera t ion  curves,  Figures  1 and 2 i n d i c a t e  a 
f u l l  load e f f i c i e n c y  of 87% f o r  Motor N o .  1 and 80% f o r  
Motor No .  2 ,  The reason f o r  the  extremely high e f f i c i e n c y  
of t h e  t w o  motors is apparent ly  a r e s u l t  of t h e  u s e  of 
overs ize  cons t ruc t ion  i n  r e l a t i o n  t o  t h e  requi red  power 
and frequency r a t i n g ,  which permits t h e  u s e  of l a r g e  
w i r e  size, and apparent ly  low magnetic s a t u r a t i o n .  When 
t h e  curves of Figures  1 and 2 are compared wi th  t h e  
curves f o r  motor 8081-C8785 (See EM Report N o .  2068) t h e  
inc rease  i n  e f f i c i e n c i e s  becomes very d i s t i n c t  (68% vs  
87% a t  f u l l  l oad ) .  The new motors have e x t e r n a l  diameters 

(excluding r a d i a t i n g  f i n s )  of 3-1/2 inches opposed t o  t h e  
2-1/2 inches e x t e r n a l  diameter (excluding r a d i a t i n g  f i n s )  
of t h e  o r i g i n a l  motor. 

2 ,  INVERTER BREADBOARD DESIGN.  

A s ix  phase ring-counter w a s  f a b r i c a t e d  t o  opera te  t h e  
motor. The engineers  sketch,  Figure 3 ,  presents  t h e  
latest  I n v e r t e r  c i r c u i t  design.  The  l o g i c  funct ions des- 
cribed i n  t h e  second Q u a r t e r l y  Progress  Report (EM 

Report N o .  2161) w e r e  no t  used as t h e  c i r c u i t  descr ibed  
i n  t h a t  r e p o r t  d i d  not  produce t h e  d e s i r e d  waveforms. 
c i r c u i t  shown on Figure 3 funct ions wi th  cons tan t  s l i p  frequency 
opera t ion .  

The 
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3 ,  INVERTER/MOTOR SYSTEM TESTS. 

Motor No, 1 w a s  subjected t o  Inverter/Motor system tests, 
The tests w e r e  conducted wi th  f i x e d  motor i n p u t  frequency 
and va r i ed  inpu t  vo l t age  conf igu ra t ions  t o  e s t a b l i s h  
system e f f i c i e n c y .  The system tests included 6 phase 
quasi-square wave motor inpu t  and 6 phase s q u a r e  wave 
motor i npu t  (each motor inpu t  conf igu ra t ion  w a s  app l i ed  
wi th  and wi thout  i n t e rphase  t ransformers)  as shown on 
Figure 4. Figures  4 and 5 i l l u s t r a t e  t h e  test  se tup ,  
Figure 6 d e p i c t s  system e f f i c i e n c y  during t h e  above 
tests. I n v e r t e r  No. 2 ,  t h e  I n v e r t e r  developed by EM 

f o r  t h e  previous NASA I n v e r t e r s  f o r  Motors Study 
Program (NASA Contract  No.  NAS8-18013), w a s  used  i n  
t h e  s e t u p  (see Figure 5 ) .  With no power app l i ed  t o  t h e  
test  motor, I n v e r t e r  No. 2 and t h e  load motor w e r e  
ad jus t ed  f o r  a nominal s h a f t  speed of 7600 RPM. Therefore,  
when input  power w a s  appl ied  t o  t h e  t es t  motor t h e  system 
increased i n  speed t o  a po in t  where t h e  load motor absorbed 
t h e  power de l ive red  by t h e  t e s t  motor. E f f i c i ency  w a s  
c a l c u l a t e d  by d iv id ing  t h e  load motor s h a f t  output  power 
( W a t t s  Power = 0.00074 X R P M  X 02 - I N  TORQUE) by system 
inpu t  power (P = I E ) .  T e s t  measurements obtained a t  
s e v e r a l  i npu t  power l e v e l s  are presented on Figure 6 ,  

These measurements i n d i c a t e  t h e  following: 
A, Maximum e f f i c i e n c y  is obtained w i t h  a s l i p  of 3 t o  5%. 
B. Quasi-square wave motor input  r e s u l t s  i n  more e f f i c i e n t  

opera t ion  than does a square wave motor input .  
C. The in te rphase  t ransformer improves t h e  e f f i c i e n c y  of 

quasi-square wave motor i n p u t  opera t ion  approximately 
2%, and improves s q u a r e  wave motor i n p u t  ope ra t ion  
8 t o  10%. 

A t  t h e  conclusion of t h e  above tests, t h e  I n v e r t e r  and motor 
wi r ing  conf igu ra t ion  were r ev i sed  t o  permit opera t ing  t h e  

-7-,  
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motor as a Wye connected motor w i t h  a 3 phase q u a s i -  
square wave input .  The b i f i l a r  motor windings,  connected 
i n  p a r a l l e l ,  and t h e  I n v e r t e r  ou tput  s e c t i o n  conf igu ra t ion  
are shown on Figure 7. 

System tests w e r e  conducted using s e v e r a l  d i f f e r e n t  
nominal motor i npu t  f requencies  and vol tages  as shown 
on Figures  8 through 11. The frequencies  recorded on 
t h e  graphs r ep resen t  nominal osc i l la tor  frequencies  

(6 X fout).  As a r e s u l t  of t h e s e  tests t h e  following 

information w a s  obtained.  
A .  Figure 9 i n d i c a t e s  t h e  s l i p  frequency i n  Hz must  

be cons tan t  t o  ob ta in  m a x i m u m  e f f i c i e n c y  wi th  cons tan t  
l e v e l  i npu t  vo l tage .  

B, The 400 Hz i npu t  (2400 Hz curves) ob ta ins  m a x i m u m  
e f f i c i e n c y  a t  4% s l i p  (16 Hz); t h e  300 Hz input  
(1800 Hz curves) ob ta ins  m a x i m u m  e f f i c i e n c y  a t  5% 

s l i p  (15 Hz); t h e  200 Hz i npu t  (1200 Hz curves) 
ob ta ins  m a x i m u m  e f f i c i e n c y  a t  7.5% s l i p  (15 H z ) .  

The inpu t  is 24 v o l t s .  (See Figure 9.) Figures  8, 

10, and 11 show a g r e a t e r  percentage of s l i p .  T e s t s  

conducted a t  lower motor inpu t  f requencies  wi th  
h igher  input  vo l tage  d i d  not  r e s u l t  i n  any meaningful 
information due t o  excessive s a t u r a t i o n  affects.  

By comparing t h e  d a t a  f o r  each cons tan t  vo l tage  and 
cons t an t  frequency and then comparing t h e  d a t a  of t h e  
curves f o r  2400 Hz a t  24 v o l t s ,  1800 Hz a t  18 v o l t s ,  and 
1200 Hz a t  12 v o l t s ,  optimum s l i p  is e s t ab l i shed  t o  be 
4% (16 ( H z ) ,  5% (15 H z ) ,  and 6% ( 1 2  H z )  r e spec t ive ly .  

A l s o  noted as a r e s u l t  of t h e  system tests w a s  t h a t  t h e  

e f f i c i e n c y  is  s l i g h t l y  higher  w i th  the conventional 3 phase 
quasi-square wave motor input  shown on Figures  8-11 than 
wi th  either 6 phase motor input  shown on Figure 6 .  

-11- 
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4 .  INVERTER BRmDBOARD TEST. 

The six phase r i n g  - counter  (quasi-square wave) i n v e r t e r  

c u r r e n t  and vo l t age  waveform photographs shown o n  F igu res  1 2  

and 13 a r e  for Motor No, 1 opora t ion .  The locked rotor current 
res.mbloa a sin. wave, b u t  t h o  normal load c u r r e n t  presents 
sharp  d iocon t inu i t ioa .  During t h o  t o a t  it w a s  no t i ced  t h a t  
d i o i k  c u r r o n t  flowod back i n t o  t h e  powor source and appeared 
whon t h e  oppooed b i f i l a r  winding curront  waa switched off. 

The six phase ring-countor logic (rof Figuro 3)  oporates as 
f o l l o w s .  (&tor Tl10 curvos roproeont  optimum operation.) 

1 
Count FF1 FF2 FF3 

1 1 0  0 

2 1 1  
3 1 1  
4 0 1  
5 0 0  
6 0 0  

1 1 0  

- 
C o u n t  1 2 3 4 5 6  1 2 3  

- 

With t h e  b i f i l a r  winding reprosentod  an $A, t h e  phase c u r r e n t s  
with a r e s i s t i v o  load w o u l d  be a s  fol lows:  

Count 1 2 3 4 5 h l  

$A-a 0 --.I 

- I-.- 
+ 

1 I 
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TYPICAL WAVEFORMS 
MOTOR CURRENT. 

PHASE A WINDING CURRENT. 

VERT: 10A/DIV, 

GATE OUTPUT 

VERT , : 5V/DIV. 

OUTPUT TRANSISTOR. 

COLLECTOR VOLTAGE 

VERT. : 2OV/DIV. 

GATE OUTPUT, 

VERT.: 5V/DIV 

PHASE A CURRENT DIODE. 

DIODE CURRENT 

VERT. : 10A/DIV. 

GATE OUTPUT 

VERT.: 5V/DIV 

HORIZ : 100pSEC/DIV (ALL WAVEFORMS) 
INPUT FREQ.: 400Hz (ALL WAVEFORMS) 

FIGURE 12 .  MOTOR NO.l/INVERTER TEST RESULTS. 
-18- 



LOCKED ROTOR 

PHASE A - PHASE a 
CURRENT 

VERT, : 10A/DIV. 

PHASE A - PHASE a 
VOLTAGE 

VERT. : lOV/DIV. 

NORMAL LOAD 

PHASE A - PHASE a 
CURRENT 

VERT , : 10A/DIV. 

PHASE A - PHASE a 
VOLTAGE 

VERT. : 2OV/DIV. 

HORIZ: 100pSEC/DIV (ALL WAVE FORMS) 
INPUT FREQ.: 400 Hz (ALL WAVE FORMS) 

FIGURE 13 .  MOTOR NO.l/INVERTER TEST RESULTS (CONT'D) . 
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111. WORK PLANNED: NEXT REPORTING PERIOD. 

Inverter/motor tests w i l l  be conducted to obtain curves 
for further evaluation of system operation. 
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